Understanding the binding mechanism for aromatic molecules on transition-metal surfaces in atomic scale is a major challenge in designing functional interfaces for to (opto)electronic devices. Here, we employ the state-of-the-art many-body dispersion (MBD) approach, coupled with density functional theory methods, to study the interactions of benzene with low-index coinage metal surfaces. The many-body effects contribute mostly to the (111) surface, and leastly to the (110) surface. This corresponds to the same sequence of planar atomic density of face-centered-cubic lattices, i.e., (111) > (100) > (110). The binding energy for benzene/Au(110) is even stronger than that for benzene/ Ag(110), due to a larger broadening of molecular orbitals in the former case. On the other hand, our calculations show almost identical binding energies for benzene on Ag(111) and Au(111), which contradicts the classic d-band center theory that could well predict the trend in chemisorption energies for various small molecules on a number of metal surfaces. Our results provide important insight into the benchmark adsorption systems with opener surfaces, which could help in designing more complex functional interfaces.
experimental error bars 33 . However, to the best of our knowledge, the role of many-body contributions in more open surfaces have not been systematically studied yet.
To better understand the nature of bonding for aromatic molecules on low-index metal surfaces, here we systematically study the adsorption of benzene on the (110), (100), and (111) surfaces of Cu, Ag, and Au. Our calculations show that the MBD effects play a prominent role for all studied systems, reducing the binding energies by at most 0.26 eV for Cu(111) compared to the data from the pairwise DFT+ vdW surf method 34 . The contribution of MBD effects in different systems is closely related to their corresponding planar atomic density of FCC metals, which is defined as the fraction of total crystallographic plane area that is occupied by atoms. In addition, the binding energy for benzene/Au(110) is even stronger than that for benzene/Ag(110), which somewhat against our intuition that Ag surfaces are more reactive (or at most equal stable) than Au surfaces. This finding can be well explained by extent of broadening and splitting of the molecular orbitals of the adsorbate near the Fermi level. Consistent with experimental results 33 , we find close binding energies for benzene on Ag(111) and on Au(111), due to the delicate balance between Pauli repulsion and vdW forces. Given to the fact that the d-band center of Au(111) is significantly closer to the Fermi level than that of Ag(111), our observations seem to contradict the classic d-band center theory of Hammer and Nørskov 35 .
Results
We first explored the potential-energy surface (PES) for benzene at the (110) surface -the most open surface -of Cu, Ag, and Au. Figure 1a shows the eight high-symmetry starting geometries including four adsorption sites ("hollow", "atop", "short bridge", and "long bridge") and two orientations of C-C bond relative to the substrate ("perpendicular" and "parallel"). For geometry relaxations, we used the pairwise DFT+ vdW surf method 34 , combined with the semi-local Perdew-Burke-Ernzerhof (PBE) 36 functional. Based on the relaxed geometries, we further employed the MBD method 25, 26 for single-point energy calculations. The adsorption energy, E ad , of benzene on metal surfaces was determined by,
where E Bz/M , E M , and E Bz denotes the total energy of the adsorption system, the relaxed bare metal slab, and the relaxed gas-phase benzene, respectively. For more details on methods and computation settings refer to Methods section. Different from the flat PES for benzene/Cu(111) 22 , Fig. 1b shows a larger energy corrugation in benzene/ Cu(110) from the PBE+ MBD method (0.24 eV). The PBE+ MBD adsorption energies are consistently smaller than those from PBE+ vdW surf , originating from the dynamic screening effects included in the many-body calculations. For benzene/Cu(110), the c1 structure is the most stable from both PBE+ MBD (− 1.10 eV) and PBE+ vdW surf (− 1.20 eV). Note that, the PES for benzene on Cu(110) has also been investigated, which shows that the c2 is the most preferable site for benzene on Cu(110) 37 . Besides energetics, the different nature of bonding in three systems can also be evidenced by their adsorption geometries. As shown in Fig. 1c , for benzene on Cu(110) at c1, the d C-M is significantly shorter than d H-M (2.02 vs. 2.30 Å), indicating a strong deformation upon benzene adsorption. Based on the PES and adsorption heights, we conclude the chemisorptive character for benzene on the Cu(110) surface.
Different from Cu(110), the nature of bonding for benzene on Ag(110) and Au(110) surfaces are predominated by physisorptive character, as evidenced by the weaker binding energies and larger adsorption heights (Fig. 1b and c) . For benzene on Ag(110), the largest difference in binding energies is 0.17 and 0.14 eV from PBE+ MBD and PBE+ vdW surf , respectively. The c2 structure is the most stable structure from both PBE+ MBD (− 0.67 eV) and PBE+ vdW surf (− 0.82 eV). On the other hand, c6 is the most preferable structure for benzene/ Au(110) from both PBE+ MBD (− 0.75 eV) and PBE+ vdW surf (− 0.86 eV). The c5 structure, which is the most stable structure reported by Matos et al. 37 , is only 10 meV less than c6 from PBE+ MBD. Figure 1b also shows that the energy corrugations for benzene on Cu(110) and on Au(110) are close to each other (0.24-0.25 eV), being evidently larger than that for Ag(110) (0.17 eV from PBE+ MBD). This result further suggests that Ag(110) is more inert than its Cu and Au counterparts. In addition, the relatively larger and almost identical adsorption distances for C and H above metals clearly indicate the physisorptive character for benzene on the Ag(110) and Au(110) surfaces.
Having explored the PES for (110) surfaces, we now continue to study the interactions of benzene with the (100) and (111) surfaces of coinage metals. We would not systematically search the PES for the (100) and (111) surfaces because (1) they have been more extensively studied, in particular for the (111) surfaces; and (2) no uncertainties exist about their most stable adsorption sites. For benzene/(100), Chen et al. 38 have considered six possible adsorption sites (termed as "hollow", "hollow-15", "bridge", "bridge-30", "top", and "top-15") at the Au(100) surface, and reported that the hcp hollow site is preferable. The same finding has also been reached by Reckien et al. 21 from the DFT-D3 method. As such, we directly relaxed the adsorption structures at the hollow site for benzene on the (100) surfaces of Cu, Ag, and Au (Fig. 2a) .
For benzene on Cu(111) surfaces, our recent work has systematically studied eight starting geometries for benzene on coinage metal (111) surfaces, and achieved a flat PES for all physisorbed systems 22 . These observations are in excellent agreement with STM experiments [39] [40] [41] , which demonstrated that benzene molecules can diffuse almost freely over these surfaces at low temperatures. For consistency in the present work we still use the bridge-30 site for benzene on the (111) surfaces (Fig. 2a) . Table 1 shows the benzene adsorption energies and heights at the most stable structures computed by PBE+ vdW surf and PBE+ MBD. The MBD effects are found to contribute differently on surfaces with distinct planar atomic density. More specifically, the adsorption energy for benzene on Cu(111) is the smallest among all three Cu surfaces from PBE+ vdW surf (− 0.89 eV) and PBE+ MBD methods (− 0.63 eV). Adsorption energies decrease in the order of Cu(110) > Cu(100) > Cu(111), and inversely, adsorption heights increase as Cu(110) < Cu(100) < Cu(111). This trend can be well explained by the increasing coordination number of the surface metal atoms: the larger the metal coordination number of the surface atom, the more reactive the surface 35 . For benzene on Cu(111), the adsorption energy from PBE+ MBD method decreases by 0.26 eV compared with the PBE+ vdW surf value. While on the Cu(100) and (110) surfaces, the adsorption energy decreases by 0.15 and 0.10 eV, respectively.
To understand the origin of adsorption energy difference, we decompose the total adsorption energy of the system into the local and the non-local contributions. As shown in Fig. 2b , compared to the vdW surf part from the PBE+ vdW surf method, the adsorption energy of MBD part from the PBE+ MBD method is reduced by 0.28 eV (28%) for benzene on Cu(111). While on Cu(100) and (110), the adsorption energy of MBD part decreases by 0.15 eV (13%) and 0.09 eV (8.2%), respectively. Therefore, MBD effects contribute mostly to the closest-packed Cu(111) surface, but leastly to the most sparse Cu(110) surface. Importantly, we find that the sequence of MBD effects is in line with the planar atomic density of FCC surfaces, which are Table 1 shows an interesting finding that the PBE+ MBD binding energy for benzene/Au(110) is 80 meV larger than that for benzene/Ag(110). This result seems to contradict the intuition that Ag surfaces are more reactive (or at most equal stable) than Au surfaces. To understand this, we computed the polarizability of adsorption systems and found that the polarizability of Au (5.61 bohr 3 along the perpendicular direction to the slab) is significantly larger than that of Ag (4.47 bohr 3 ) upon benzene adsorption. This agrees with the assumption by Reckien et al. 21 , which addressed that the higher reactivity of Au compared to Ag is attributed to the larger polarizability of the Au atoms. However, inconsistant with ref. 21 , our results show that the dispersion energy for benzene on Ag(110) is 0.12 eV larger than that on Au(110). Interestingly, although single metal atom cannot represent the surface, the accurate CCSD(T) functional also found that the binding energy for Au/benzene cluster is stronger than that for Ag/benzene cluster 42 . Using the same cluster models reported in the CCSD(T) calculations, our PBE+ vdW calculations also demonstrate this finding (− 0.14 vs. − 0.31 eV for benzene on a single Ag and single Au atom, respectively). We find that Au/benzene cluster is indeed more reactive than Ag/benzene cluster, consistent with our results for benzene/Au(111) and benzene/Ag(111).
The above "abnormal" energy sequence for benzene on Ag(110) and Au(110) surfaces can be further explained by the computed projected densities of states. As shown in Fig. 3 , the adsorption of benzene on Ag(110) and Au(110) breaks the degeneration of its HOMO and HOMO-1 orbitals of the adsorbate benzene, due to the strong perturbation of the metal substrates. We also calculated the center of gravity of HOMO-1 and HOMO orbitals for benzene/Ag(110) and benzene/Au(110) systems. In the former case, the center of HOMO-1 and HOMO of the adsorbate is at − 3.29 and − 3.44 eV, respectively. On the other hand, the center of HOMO-1 and HOMO is located at − 2.56 and − 2.89 eV on Au(110), respectively. Importantly, the difference of center between HOMO-1 and HOMO of Au(110) (0.33 eV) is twice larger than that of Ag(110) (0.15 eV). We thus conclude that the larger splitting of HOMO and HOMO-1 orbitals of Au(110) leads to the larger adsorption energy than Ag(110). Analysis of the projected orbitals occupation indicates that for Ag(110) there are 1.881 electrons in the HOMO orbital, which is larger than the corresponding value of the Au(110) surface (1.807 electrons). Meanwhile, the occupation number of the LUMO state is slightly smaller for benzene on Ag(110) than for that on Au(110) [0.056 vs. 0.061 electrons]. In contrast to (110), the HOMO and HOMO-1 orbitals for (100) and (111) surfaces are still degenerate, which indicates a small amount of charge transfer. Overall, the splitting/broadening of the HOMO and HOMO-1 orbitals provides the stronger binding energy for benzene on Au(110) than Ag(110). Note that, the PBE functional would underestimate the band gap due to the self-interaction error, especially for free molecules 43 . However, the conclusions obtained based on molecular orbital analysis would not be qualitatively changed for most adsorption systems [44] [45] [46] . The above conclusion, i.e. Au(110) surface is more reactive than Ag(110), is found to be a general message for aromatic molecules. As shown in Table 2 , the computed adsorption energy for benzene, naphthalene, and anthracene on Au(110) is 80, 150, and 300 meV larger than that on Ag(110) from PBE+ MBD method, respectively. Note that, the adsorption energy difference between Au and Ag is mainly originated from the PBE part, in the range of 0.20-0.38 eV for benzene, naphthalene, and anthracene. In addition, the dispersion energies for molecules on Ag(110) are 0.08-0.17 eV larger than those on Au(110), which is attributed to the smaller screened vdW radius for Ag atoms (2.57 vs. 2.91 bohr for Ag and Au) 22 . Finally, we determined the d-band center for each system to understand their energetics. The d-band center theory was first proposed by Hammer and Nørskov, with the aim to understand the trends in reactivity of H 2 outside transition and noble metals and their alloys 47 . It has been shown that the d-band model can predict the trends in chemisorption energies of various small adsorbates on metal surfaces [47] [48] [49] . For different metal surfaces with the same Miller index, the theory addresses that the higher the d-band center, the more reactive the metal. Indeed, for the (110) surface the d-band center of Au is significantly closer to the Fermi level than that of Ag, implying the stronger interactions of benzene with Au(110) (see Fig. 3 ). However, this theory apparently against what we observed for benzene on (111) and (100) surfaces. In this case, although the d-band center of Au remains much closer to the Fermi level than Ag, the binding energies for benzene on Ag(111) and Au(111) are almost identical, due to the delicate balance between the Pauli repulsion and relatively larger vdW energies in these systems. Finally, we noticed that the pure PBE data for the (111) and (100) surfaces still obey the d-band center theory (Table 1) . Therefore, it is most likely that the larger amount of vdW contributions can change the energy hierarchy, and in turn, leads to the "failure" of the theory for benzene on the (111) and (100) surfaces.
Discussion
In summary, we have used the many-body dispersion method to systematically study benzene on the low-index coinage metal surfaces. We demonstrate that the many-body contributions are sensitive to the planar atomic density of FCC metals, and follow the sequence of (111) > (100) > (110). Our calculations show that the binding energy for benzene on Au(110) is even larger than that on Ag(110), due to the larger broadening and splitting of benzene molecular orbitals (HOMO and HOMO-1) that lie just below the Fermi level. The delicate balance between Pauli repulsion and vdW forces leads to the identical binding energy for benzene on Ag(111) and on Au(111), which goes against the classic d-band center theory that works well for small molecules on metals.
Methods
We performed DFT calculations using the semi-local PBE 36 functional with either the vdW surf 34 or many-body dispersion (MBD) 25, 26 methods for including vdW interactions. The PBE+ vdW surf is based on a pairwise atom-atom approximation and includes electrodynamic screening of vdW interactions by combining intermolecular vdW interactions with the Lifshitz-Zaremba-Kohn theory 50 for the dielectric screening within the metal surface. In contrast to the vdW surf method, the MBD method is based on the many-body dispersion effects. PBE+ vdW surf and PBE+ MBD calculations were carried out using the numeric atom-centered basis set all-electron code FHI-aims 51, 52 applying a scaled zeroth-order regular approximation (ZORA) for treating relativistic effects. For all computations, we used "tight" settings and set the following thresholds for the convergence criteria: 10 −2 eV/Å for the final forces in all structural relaxations, 10 −5 electrons for the electron density, and 10 −4 eV for the total energy of the system. The metal lattice constants used here are Cu (3.572 Å), Ag (4.007 Å) and Au (4.163 Å), which are calculated with the PBE+ vdW surf method 22 . For the adsorption of benzene, the (110), (100), and (111) metal surfaces was modeled by periodic (3 × 4), (4 × 4), and (4 × 4) unit cells respectively, containing six atomic layers separated by at least 100 Å of vacuum. For the adsorption of naphthalene and anthracene, Ag(110) and Au(110) surfaces were modeled by periodic (3 × 4) and (4 × 4) unit cells, respectively. Note that all metal surfaces studied in the present work are unreconstructed. The aromatic molecules and the uppermost two metal layers were allowed to relax during geometry relaxation. The four bottom metal layers were fixed at their bulk-truncated positions using the lattice constants of the bulk metals from PBE+ vdW surf method. We carried out systematic convergence tests and calculated the binding energy and adsorption height for the benzene/Cu(100) system using (5 × 5) supercell and 10 metal layers, respectively. Further increasing the unit cell from (4 × 4) to (5 × 5) only leads to 30 meV difference in adsorption energy. Similarly, increasing the slab number from 6 to 10 only leads to 30 meV difference in adsorption energy and 0.04 Å. difference in adsorption height. 
